Abstract : The dynamic model for HVAC (Heating, Ventilating and Air Conditioning) electricity consumption is estimated for a campus building in Daido University. In order to construct energy management system for a community, buildings play one of the major role to control power balance in the community, because they consume a lot of energy and are a very predictable demand response player due to certain electricity load patterns. Then building dynamic characteristics should be known to control their energy consumption and to estimate the influence of the demand response. In order to observe the feature of the dynamic building energy consumption, electricity consumption data is measured in an autumn-winter period. Analyzing these data, the building characteristics are observed. The analysis concludes (1) the correlation between ambient temperature and HVAC electricity consumption, and (2) that building dynamics consist of a time lag with 1.6 hour time constant. Then the building model is proposed based on the observations and its parameters are estimated. The model agrees with the measurement data with less than 10% error.
Introduction
The increasing necessity to reduce CO 2 emission by economic activities, energy saving, and energy management become a very important issue for any economic activities, because more than 90% of CO 2 is emitted through energy consumption. In particular, energy consumption in buildings is increasing very rapidly. In Japan, it increased by 40% from 1990 to 2011 [1] . The increase of energy consumption of buildings is the biggest among major economic activities. Furthermore, HVAC (Heating, Ventilating and Air Conditioning) system efficiency is the key factor to reduce energy saving in a building, because about 40% of total energy consumption of the buildings is consumed by HVAC system (Fig. 1) . In Fig. 1 , HVAC system includes chillers, auxiliary pumps and air delivery fans.
In order to reduce CO 2 emission in a building, energy saving in a building, especially in HVAC system, and utilization of natural energy resources such as solar energy and wind generation are crucial.
In the paper, the building energy management system (BEMS) to utilize natural energy resources is focused. Because the natural energy generation varies depending on weather conditions, the control technology adjusting electricity demands with the generations, becomes very important. The adjusting is done by the communication between electricity consumption groups and electricity suppliers. The system is called energy management system (EMS). The EMS for a building is called as BEMS, and is very helpful for electricity demand-supply balance management because building electricity load trend is rather predictable thanks to the strong demand similarity under the same conditions [3] . The condition consists of environment temperature, weather, and working day or non-working day. For the load prediction purpose, the correlation between environment conditions and HVAC energy is estimated in the paper [3] .
In the prior art, the only static correlations are estimated, because the main purpose is to estimate how much chilled water should be stored in heat storage tank [4] . On the other hand, BEMS requires more precise dynamic predictions for electricity demand control, adjusting natural energy resource generations. For example, when a demand response is required, the capability of the building energy control should be estimated in advance and the impact of the response should be considered. If the room setting temperature is raised as the demand response, electricity consumption response is not linear. At first, consumption decreases a lot, then recovers to some extent. For these estimations, a precise dynamic model is necessary.
In the paper, HVAC electricity transfer function model is proposed based on electricity demand characteristics observations. The correlation and the time lag constant that is the response time period from the environment temperature to the airconditioner electricity consumption estimation results are introduced [5] as the observation results in Section 2. The dynamic model of the building is proposed and its parameters are estimated based on the observations in Section 3. The research is done for a campus building office floors in Daido University (Fig. 2 ).
HVAC Energy Consumption Characteristic Observations
As shown in Fig. 1 , the energy consumption of a building consists of HVAC system (44% in Fig. 1 ), lighting (21%) and electric office instruments (21%). The lighting and office tools are used as their needs, and their electricity consumption starts when they are switched on. Then they do not have any dynamics. On the other hand, the energy consumption for HVAC system changes as time goes on and environment changes. Then the energy consumption of HVAC system has dynamics and is the object that should be controlled by BEMS.
In this section, the characteristics of the HVAC dynamics are observed for constructing the transfer function for 1F and 2F of the HVAC system energy consumption, using the measured data.
The Floor Description and its HVAC System
Firstly, the 1 st floor of the measured building floor map is shown in Fig. 3 . The most of the area consists of offices. The other areas are the entrance lobby and the corridor where some students relax. As for the 2 nd floor, the floor shape is almost same as the 1 st floor, and offices occupy the most of the area also. Figure 4 shows one of the HVAC system for the building. The system has the ice heat storage system. In the cooling mode, every night, the chiller makes as much amount of ice as that of melting ice in daytime. Then the total heat load of the chillers is calculated by the daytime heat load plus the nighttime ice making electricity. The heat storage system does not work in the heating mode. The system consists of one refrigerant compressor and plural of indoor fans, and a typical multi-air-conditioner for a building. The ice heat storage system works for electricity peak cut operation. Its nominal COP (Coefficient of Performance) is 5 for making ice and 2.5 for daytime load following operation.
HVAC System Analysis
By attaching CT's (Current Transformer) to the power line to the chillers in the distribution switchboard, the total current of 1 st and 2 nd floor HVAC system was measured from Sep. 11 th to Dec. 3 rd for the analysis. The data are shown in Fig. 5 . The figure consists of 3 plots. Each plot shows the current and temperature trends for 4 weeks. In the cooling mode, room temperature is kept around 27
• C and in the heating mode, the room temperature is kept around 23
• C. In the figure, the actual current (A) is calculated by multiplying 10 to the plotted values. Then the current of averaged 1 phase of the 3-phase power line is shown. The period of Sep. 11 th to Oct. 11 th is in cooling mode. After Nov. 12 th , heating mode continues. In cooling mode, there exist 2 electricity peaks, which are a day-time peak and a night-time ice making peak. On the other hand, the ambient temperature gradually goes down to winter.
Firstly, the regression lines between the HVAC current and the temperature estimation for the two modes are introduced. The regression functions obtained are followings [5] .
where i means the current for the HVAC system and T is the en- It is observed that the static analysis is not enough to describe electricity consumption feature. Secondly, time constant for the HVAC current observation is introduced [5] . The time responses are chosen from heating mode operations, because it is difficult to estimate time constant from cooling mode responses due to lack of information of ice storage operation.
As appropriate responses, Nov. 20 th , 21 st , 22 nd , 27 th , 28 th and 29 th were chosen. The response curves are shown in Fig. 7 (a) . All the curves have a similar decreasing period. This fact implies that the building has a certain time constant for the HVAC load. Then the average current curve is obtained and depicted in Fig. 7 (b) . The time constant is calculated as 1 st order lag, that is, 63% decaying time from the morning peak. Form Fig. 7 (b) , it turns out
Then the transfer function of HVAC system is described as the 1 st order lag. 
ΔI =
where K is the gain of the system and calculated by Eqn.
(1) in the cooling mode and Eqn. (2) in the heating mode. ΔI is the HVAC current increment and ΔT is the ambient temperature change.
In the next observation, weekly electricity consumption trends are observed to understand if a long period response of building core structure exists. An example of weekly electricity trend is shown in Fig. 8 . The week is just after winter closing. The building should be deeply cooled after the one-week shutdown. By observing the weekly current trends, no time constant is detected. The slight electricity peak of the 1 st day is considered due to a cold night. The building wall is rather thick and the heat seems to take long time to penetrate, however, there is no time response exceeding a few hours. The result means that the building does not have long time heat storage capacity.
Building Model Estimation

Model Construction
Based on the observation, a simple building model is constructed (Fig. 9) . The model consists of 3 sub-models. Each sub-model corresponds to the observation feature.
(1) The building heat storage model. The building HVAC current is characterized by 1 st order lag as Eqn. (4), which is assumed for the building temperature also. Furthermore, the building does not have long time heat capacity. Then the building is modeled as a simple heat storage. The model includes an integrator and a gain:
Where Q B is the stored heat amount in the building structure, Q in is the heat flow-in rate by the HVAC system, and Q out is the heat flow-out to ambient air.
The building temperature T B is virtual average building structure temperature. The temperature of the building differs depending on places, directions and structural materials. Then T B is average temperature of the building structure of all directions. The value should be between the building surface temperature and the room temperature. C B is the building heat capacity. (2) The heat exchange model. The correlation between the ambient temperature and the HVAC current (Fig. 6) implies that the heat exchanges between the building and the ambient air. In general, the heat transfer of the objects is modeled by Eqn. (7).
Q: the heat transfer rate (W), α: the heat transfer coefficient (W/(m 2 · • C)), S : the surface area (m 2 ), T amb : the ambient temperature (
• C), T inside : the object temperature ( • C). Thus the model includes a gain that implies α · S = A s and a subtraction of the temperatures. (3) The building heating model. The model estimates the HVAC electricity current according to ON/OFF scheduling of the heating. Figure 7 suggests that heating begins around 7 o'clock and ends gradually from 18 o'clock. The heating amount is assumed to equal to the calorific value that raises building temperature to the room setting temperature from the building structure temperature. The model also includes 1 st order time lag that expresses heating dynamics and the air and wall temperature delay to the core building temperature.
In the model, other than T B , the virtual average building structure temperature, T amb , the ambient temperature and T room , the room temperature are defined. T amb is the average surrounding air temperature. The air temperature varies depending on height and sun radiation. Ordinary, the temperature of the weather data is applied. T room is the average room temperature with floor area weighing of all the rooms in the building.
Only 3 parameters, A S , C B , T are to be determined in the model. A S means the heat transfer coefficient between ambient air and the building structure, multiplied by the building surface area. C B means the heat capacity of the building structure. T means time lag of the heating.
The parameters are to be estimated through comparison of the calculated heating current by the model with the measured current. Then the model validity is proved in Section 3.3.
Parameter Estimation Method
The three parameters are estimated by nonlinear optimization. The known information is the ambient temperature and the current for mainly chillers operating in the heating mode. The estimation algorithm consists of the following calculations.
(1) Subtracting the constant base current from the measured current, because the base current in the night is not used for heating.
(2) Calculating heating current trend using the above model for given ambient temperature trend.
(3) The difference between the calculated current and the measured current is estimated by Eqn. (8):
where C M,t is the current calculated by the model at time t, and C m,t is the measured data.
(4) The parameters are determined by nonlinear optimization so that Eqn. (8) should be minimized.
In Eqn. (8), the current error between 7 o'clock and 19 o'clock is considered, because the transient response in the night strongly relates to the office people attendance trend. In order to avoid human activity influence, the error in the night is excluded.
Results
The parameters were estimated for the above mentioned building. The data used are from Jan. 6 th to Feb. 8 th excluding holidays. The estimated parameters by the algorithm are shown in Table 1 .
The time lag of heating derived by the optimization using 2014 Winter data is actually the same as the time lag of Eqn. (3) using 2013 Nov. data. The other two parameters are confirmed by the comparison of the model heating current with the measured heating current. An example to compare the measured heating current with the predicted current using the model with the parameters is shown in Fig. 10 . The figure shows the heating current for one working week, that is, from Monday through Friday.
The estimated building structure temperature goes down to about 0
• C in the morning because of small heat capacity and Table 1 Building parameters. The estimation error histogram is shown in Fig. 11 . The error is estimated as root mean squares (RMS) of the current differences between measured one and predicted one. These values are divided by 10 to make the value even with Fig. 10 . Each RMS value is calculated for 1 day by Eqn. (9). RMS values are calculated for 20 days.
The calculated demand response example by the model is shown in Fig. 12 . The ambient temperature is assumed the same as Jan. 6 th , 2014, and the room temperature is changed from 23
• C to 18 • C from 13:00 o'clock to 16:00 o'clock. In any time of the baseline case and in all the time excluding the above hours (13:00∼16:00) of Demand Response case, the room temperature is kept at 23
• C.
Conclusion
Building dynamics are analyzed and based on the analysis a dynamic model for the building is proposed. In order to construct energy management system for a community, buildings play one of the major role to control power balance in the community, because they consume a lot of energy and are a very predictable demand response player due to their certain electricity load patterns. Then buildings dynamic characteristics should be known to control their energy consumption and to estimate the influence of the demand response. In particular, it is convenient that buildings have energy storage capacity and can be used as a big battery to store fluctuating natural energy.
Furthermore, most of the dynamics come from HVAC energy consumption.
In the paper, firstly, the HAVC consumed energy is observed for a university campus building. In particular, the time lag constant that is the response time from the environment temperature to the air-conditioner electricity consumption and the long shutdown effect of the building. By the observation, the building does not have a time lag exceeding a half day. Based on the observation, a dynamic building HVAC energy consumption model is proposed. The model is made assured by the comparison of the calculated heating current with the measured current.
Then demand response effect is expected to be predicted by the model. The model is also expected to be used to design community energy management system.
